Abstract Strategies involved in mesenchymal stem cell (MSC) differentiation toward neuronal cells for screening purposes are characterized by quality and quantity issues. Differentiated cells are often scarce with respect to starting undifferentiated population, and the differentiation process is usually quite long, with high risk of contamination and low yield efficiency. Here, we describe a novel simple method to induce direct differentiation of MSCs into neuronal cells, without neurosphere formation. Differentiated cells are characterized by clear morphological changes, expression of neuronal specific markers, showing functional response to depolarizing stimuli and electrophysiological properties similar to those of developing neurons. The method described here represents a valuable tool for future strategies aimed at personalized screening of therapeutic agents in vitro.
Introduction
Mesenchymal stem cells (MSCs) are mesoderm-derived adult stem cells primarily found in the bone marrow but also in many other tissues, including the umbilical cord blood, adipose tissue, peripheral blood, muscle, dermis, synovial membrane, and periosteum (Rosenbaum et al. 2008) . MSCs are being extensively studied for their therapeutic potential in numerous preclinical and clinical settings since they are endowed with neurotrophic and remarkable immunomodulatory properties, which make them good candidates for applications in regenerative medicine. In particular, human adipose-derived stems cells (hADSCs) represent an attractive cell source for adult stem cells due to the minimally invasive accessibility and large availability. hADSCs are multipotent stem cells which, similarly to bone marrow MSCs (Poloni et al. 2012) , have the intrinsic ability to self-renew and to undergo differentiation towards adipogenic, chondrogenic, and myogenic phenotype (Zuk et al. 2002; Gimble and Guilak 2003) . Recent studies have reported the trans-differentiation of MSCs to cells of ectodermal and endodermal origin. Although the possibility of efficiently differentiating MSCs in neurons is still debated (Franco Lambert et al. 2009 ), several recent studies (for a comprehensive review, see Scuteri et al. 2011) indicated that MSCs can be induced towards a neuronal phenotype via different mechanisms: (a) by genetic manipulation, either by means of retroviral vectors (Choi et al. 2012; Ciavarella et al. 2012) or gene silencing (Luzi et al. 2012; Song et al. 2011); by promoting neurosphere formation (Ahmadi et al. 2012; Donofrio et al. 2010; Gimble et al. 2012; Kim et al. 2006); by the use of different cocktails of trophic factors which include, among the others, retinoic acid (RA) and neurotrophins (Anghileri et al. 2008; Jang et al. 2010) . Regarding the latter method, a number of studies reported the successful differentiation of ADSCs into neural lineage cells in vitro (Zuk et al. 2002; Safford et al. 2002; Fujimura et al. 2005b; Krampera et al. 2007; Xu et al. 2008; Kingham et al. 2009; Ryu et al. 2009 ). However, the great majority of these procedures failed in obtaining a high amount of cells, identifiable as neurons through a fully compelling functional analysis. Here, we describe the use a novel medium, NZ4, to promote differentiation of large quantities of ADSCs towards neuronal fate. Differentiated ADSCs were characterized by combined morphological, biochemical, and functional analysis, comparing their phenotype to that of primary hippocampal neurons. Our data indicate that NZ4 efficiently induces ADSC differentiation in functional immature neurons, thus widening the possibility to use ADSCs as in vitro models to investigate pathophysiology and drug development and to test therapeutics for the treatment of human diseases.
Materials and Methods

ADSC Cell Preparation
ADSCs were isolated from the adipose tissue of Sprague Dawley female rat (4-6 months old) as previously described (Kingham et al. 2009 ). Briefly, adipose tissue was isolated from the perirenal region, mechanically fragmented in phosphate-buffered saline and centrifuged for 2 min at 1,200×g. Subsequently, tissue was digested at 37°C for 45 min with 0.075 % collagenase I, and then resuspended, filtered, and plated at appropriate density (i.e., 1 × 10 5 cells/cm 2 ). Cells were maintained in culture in minimal essential medium (MEM) added with 10 % fetal bovine serum, 2 mM L-glutamine, 100 μg/ml streptomycin, 100 U/ml penicillin, and 250 μg/ml fungizone (Invitrogen).
Isolation and Culturing of Primary Rat Hippocampal Neurons
Primary neuronal cultures were prepared from the brains of 18-day-old Sprague Dawley rat (Charles River, Italy) as previously reported (Pozzi et al. 2008) . Briefly, hippocampi were isolated from total brain, incubated with trypsin at 37°C, and then dissociated in order to obtain separated cells, which were then plated at 24,000 cells/cm 2 and grown in neurobasal medium supplemented with B27.
Preparation of Primary Astrocytes and Microglia
Primary mixed glial cultures from the brains of 18-day-old Sprague Dawley rat (Charles River, Milan, Italy) were obtained by standard isolation protocols (Bianco et al. 2005) . The dissociated cells were cultured in MEM (Invitrogen Life Technologies) supplemented with 20 % FCS (Euroclone, Italy) and 100 IU/ml penicillin, 10 mg/ml streptomycin, and 5.5 g/L glucose (glial medium). Purified microglial cultures were harvested by shaking 3-week-old mixed glial cultures.
Differentiation Protocol
MSCs were plated on poly-L-lysine coated glass cover slips (0.5 mg/ml) at a density of 20,000 cells/cm 2 in MEM added with 10 % fetal bovine serum for 24 h. Subsequently, the cell medium was substituted with a pre-differentiating medium including α-MEM, 10 ng/ml FGF, 10 ng/ml EGF, and 1 mM BME for 24 h. Finally, the medium was substituted with differentiating medium (NZ4, proprietary formulation) which includes, among other factors, Neurobasal (GIBCO, Italy), 10 ng/ml, brain-derived neurotrophic factor (BDNF), and 10 ng/ml RA.
Viability Assay
Cells were stained in vivo with propidium iodide (PI), fixed in 4 % parafolmaldehyde and 4 % sucrose under dark conditions for 10 min, and subsequently stained for 4',6-diamidino-2-phenylindole (DAPI) to reveal all nuclei.
Images were acquired using a fluorescence microscope, Leica Ctr4000, and PI/DAPI cell counting ratio was calculated using Image J software analysis.
Electrophysiological Recordings
Whole-cell patch-clamp recordings were performed on rat embryonic hippocampal neurons and differentiating ADSCs cells. Patch pipettes (2-4 MΩ) were pulled using a micropipette electrode puller (Sutter Instruments) and filled with intracellular solution (in millimolar): 130 K-gluconate, 10 KCl, 1 EGTA, 10 (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES)-NaOH, 2 MgCl 2 , 4 MgATP, and 0.3 Tris-GTP. Cells plated on glass cover slips were placed in a recording chamber perfused continuously with extracellular solution (in millimolar): 125 NaCl, 5 KCl, 1.2 MgSO 4 , 1.2 KH 2 PO 4 , 2 CaCl 2 , 6 glucose, and 25 HEPES-NaOH, at pH 7.4. Recordings of membrane potentials were conducted at I=0 configuration mode. Signals were recorded using Multiclamp 700B amplifiers and digitized with Digidata 1440 (Axon Instruments, Molecular devices, USA). Signals were amplified, sampled at 10 kHz, and filtered to 2 or 5 kHz.
Intracellular Calcium Measurements
Cultures were loaded for 35-40 min at 37°C with 2 μM Fura-2-AM in Krebs-Ringer solution buffered with HEPES, 125 mM NaCl, 5 mM KCl, 1.2 mM MgSO 4 , 2 mM CaCl 2 , 10 mM glucose, and 25 mM HEPES (pH7.4), and were washed twice with pre-warmed Krebs-Ringer solution before recordings. The recording setting comprised an inverted microscope (Leica DMI 6000 B) equipped with a Ca 2+ imaging unit. Polychrome V (TILL Photonics, Germany) was used as a light source. Fura-2 fluorescence images were collected with an Andor Ixon CCD camera (Axon Instruments, CA, USA) and analyzed with Axon Imaging Workbench 6.2 software (Axon Instruments Inc USA). Single-cell 340/380 nm fluorescence ratios, acquired at a sampling frequency of 1-4 s −1 , were analyzed with Origin 6.0 (Microcal Software Inc., MA, USA).
Immunocytochemical Studies
Cells were fixed in 4 % paraformaldehyde and 4 % sucrose at room temperature (RT) for 10 min. Primary and secondary antibodies were applied in GDB buffer (30 mM phosphate buffer, pH7.4, containing 0.2 % gelatin, 0.5 % Triton X-100, and 0.8 M NaCl) for 2 h at RT, or overnight at 4°C. The confocal images were acquired with a Leica SPE confocal microscope, using a Nikon (Japan) with×40 objective. Each image was a z-series projection taken at 0.8-μm-depth intervals.
RNA Extraction and PCR Analysis
Total RNA was extracted using Trizol Reagent (Invitrogen, Italy) following the manufacturer's protocol. Briefly, cells disrupted by Trizol were collected, centrifuged for 15 min at 4°C, and then aqueous phase was isolated, added with isopropanol, pelletted, and washed with ethanol 75 %. Air-dried RNA was quantified using Nanodrop 100 spectrophotometer (Thermoscientific, USA) at 260-280 nm.
cDNA was obtained using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Italy). One microgram of DNAse-treated RNA was added with cDNA synthesis mix according to the manufacturer's protocol. cDNA was then amplified using Platinum TaqDNA Polymerase kit (Invitrogen, Italy) and following the manufacturer 's protocol, using an applied Biosystems thermocycler 2720. Primers used were as follows: β−actin (FW: TGACGGGGTCACCCACTGTGCCCATCTA, RW:
GTTGGAGTCAGCCTTCTCCATGATCCTGTC), and Synaptotagmin (FW: CCTGGTGATGGCTGTTATG, RW: CTCGAACGGAACTTCAAAGC).
Chemicals
Antibodies against βIII tubulin (1:500) were from Promega (Milano, Italy). Antibodies against glial fibrillar acidic protein (GFAP) (1:400) and IB4 (1:100) were purchased from Sigma-Aldrich (Milano, Italy). DAPI and Fura-2-AM were from Invitrogen (Milano, Italy). Propidium iodide (20 ng mL −1 ) and KCl were purchased from Sigma-Aldrich.
Antibodies directed against synaptotagmin (1:50), VAMP 2 (1:100) were from Synaptic Systems. Antibodies against Olig-2 were from Millipore (Milano, Italy). DCX was purchased from Cell Signaling (1:200).
Results
Rat ADSCs were plated on poly-L-lysine-coated coverslips (0.5 mg/ml) at a density of 20,000 cells/cm 2 and cultured for 24 h. Subsequently, cells were washed with PBS and exposed overnight to a pre-differentiation medium (see "Materials and Methods"). Cells were then exposed to NZ4 differentiating medium containing, among other factors, Neurobasal medium, BDNF (10 ng/ml), and RA (10 ng/ml) and maintained in culture for 3-5 days (days in vitro (div)). Twenty-four hours following exposure to NZ4, a clear shift towards a neuron-like morphology was observed, with differentiating ADSCs changing from a round and rather flat morphology, typical of undifferentiated stem cells, to a ramified shape (Fig. 1a) . The dramatic morphological changes, occurring in the vast majority of cells, were not associated to any significant increase in cell mortality (Fig. 1b) . In order to identify the type of lineage acquired by ADSCs, differentiated cells (dADSCs) exposed for 72 h to NZ4 were stained with markers selective for different brain cell populations. Figure 1c, d shows that a large percentage of dADSCs appears positive for the neuronal marker βIII tubulin (37±4 %, n=5; p<0.05 ), at both mRNA and protein ( Fig. 1c-d ) levels. Undifferentiated ADSCs were βIII tubulin-negative (Fig. 2d) . dADSCs did not acquire a glial phenotype, as demonstrated by their immunonegativity for the astrocytic marker GFAP (Fig. 1c, d) , the oligodendroglial marker Olig 2 (Fig. 1c) , and the microglial marker IB4, thus suggesting a specific differentiation of dADSCs toward the neuronal lineage.
In order to further characterize the phenotypic shift of dADSCs, we analyzed the mRNA expression of specific genes involved in neuron development. Forty-eight hours after exposure to the differentiating medium, dADSCs showed expression of doublecortin (DCX), a microtubuleassociated protein present in neuronal progenitors and immature neurons of embryonic and adult cortical structures (Fig. 2a, b) , whose expression in adult brain reflect neurogenesis (Couillard-Despres et al. 2005) . Moreover, dADSCs, showed a progressive increase in the expression of the synaptic vesicle proteins synaptotagmin (Syt) (Fig. 2a, b) and VAMP2 (Fig. 2b) , which are involved in calcium sensing and synaptic vesicle fusion, respectively (Koh and Bellen 2003) . Syt and VAMP2 were completely absent in ADSCs and became clearly detectable 48 h after exposure to NZ4, thus indicating the acquisition of neuronal features by dADSCs. Interestingly, in dADSCs, Syt and VAMP2 were evenly distributed to all neuronal compartments, resembling the typical staining of immature hippocampal neurons ( Fig. 2 ; see also Matteoli et al. 1992 ). The lack of GFAP mRNA or protein expression (Fig. 1d) further confirmed that dADSCs exposed to NZ4 differentiate toward a neuronal and not glial phenotype.
In order to verify whether the expression of synaptic vesicle proteins is paralleled by the acquisition of neuronal properties, such as the expression of voltage-gated calcium channels, we analyzed the intracellular calcium responses of dADSCs to depolarizing stimuli by ratiometric imaging. Undifferentiated ADSCs did not show any calcium response when exposed to 50 mM KCl while displayed calcium transients in response to ATP stimulation (1 mM, Fig. 3a) . However, after exposure to differentiating medium for 48 or 72 h, dADSCs responded with calcium influx to either 50 mM KCl or field electrical stimulation (40 action potentials at 20 Hz), thus revealing the acquisition of membrane excitability properties (Fig. 3b) . Notably, the amplitude range of peak calcium responses induced by depolarization in dADSCs did not reach the values typical of neurons maintained in culture for 14 days (Fig. 3b-c) but was comparable to that of 9 div neurons (Fig. 3c) . As for the kinetics of calcium responses, while 14 div-old primary neurons showed a sudden calcium transient followed by a slow recovery, dADSCs typically displayed a slower calcium increase, followed by a sustained calcium plateau (Fig. 3b) . The slow kinetics of calcium elevations in dADSCs is reminiscent of the intracellular calcium dynamics of primary neurons during the first stages of development (Pravettoni et al. 2000) . Quantification of peak calcium revealed a significant increase in dADSCs exposed to 50 mM KCl 48 h after exposure to the differentiating medium (Fig. 3c) . Moreover, after the same differentiation period, basal calcium levels of dADSCs were significantly lower as compared to basal calcium concentration of undifferentiated ADSCs, resembling basal calcium level detected in primary neurons (Fig. 3d) .
The progressive acquisition of neuronal phenotype during ADSC differentiation was further supported by wholecell patch-clamp recordings. Twenty-four hours after the exposure to NZ4 medium, all patched dADSCs already showed a significant reduction of membrane potential values, which became similar to those of developing neurons, although lower than those typical of mature neuronal cells (14 div) (Fig. 3e) .
Overall, these data indicate that NZ4 induces a prompt shift of most ADSCs towards a neuronal phenotype, thus representing a simple and fast approach to differentiate ADSCs into neuron-like cells, which show morphological, molecular, and functional features of developing primary neurons.
Discussion
Adipose tissue represents a considerably interesting source of MSCs. The growing interest in adipose-derived MSCs (ADSCs) is primarily focused towards their possible use for autologous stem cell therapy (Safford and Rice 2005) , as they can be easily extracted with minimal invasive procedure (Zuk 2010; Mizuno 2010; Ra et al. 2011) and are endowed with the capability of differentiating along mesodermal and ectodermal pathways Gronthos et al. 2001; Halvorsen et al. 2001; Sen et al. 2001; Safford et al. 2002; Erickson et al. 2002; Zuk et al. 2002) . In particular, several studies have shown neuron-like differentiation of ADSCs in vitro (Zuk et al. 2002; Ashjian et al. 2003; Safford et al. 2004; Kompisch et al. 2010; ) . A number of diverse protocols have been described to induce neural cell differentiation. These protocols generally rely on exposing ADSCs to retinoic acid and cocktails of cytokines (Sanchez-Ramos et al. 2000; Case et al. 2005) , butylated hydroxyanisole, dimethyl sulfoxide (Zuk et al. 2002; Safford et al. 2002; Guilak et al. 2006) , and agents that increase intracellular cAMP levels (De Ugarte et al. 2003; Ashjian et al. 2003; Fujimura et al. 2005a; Suon et al. 2004 ). However, the evidence for such differentiation mostly relies on the expression of neural markers. Rarely, if never, fully compelling evidence for the acquisition of neuronal properties has been provided.
Here we propose, a new efficient method, based on a novel differentiating medium, to obtain neuron-like cells endowed with membrane excitability and calcium responsiveness to depolarization, typical of immature neurons. Using a cocktail of compounds referred to as NZ4 medium, which encompasses, among other GMP-compliant factors, retinoic acid and BDNF, we found that rat ADSCs acquire a morphological and functional phenotype resembling that of developing neurons. Noteworthy, differently from many other studies, describing ADSC differentiation towards both neuronal and glial phenotypes (Safford et al. 2004; Ahmadi et al. 2012) , our method, without the need of virus infection, leads to a neuron-specific differentiation, as no glial (either astroglial, oligodendroglial, or microglial) markers could be detected in dADSCs.
Differentiated ADSCs show a typical neuron-like morphology and express the neuronal markers βIII tubulin, synaptotagmin and VAMP2. βIII tubulin is a typical marker of immature neurons, which plays a critical role in proper axon guidance and maintenance, and its expression is assumed to be one of the earliest markers to signal commitment in primitive neuroepithelium. The synaptic vesicle proteins synaptobrevin/VAMP2 and synaptotagmin, both essential for the release of neurotransmitter, are distributed in the cell body and along neurite-like processes, similarly to developing neurons (see Matteoli et al. 1992) . Their presence in differentiated ADSCs suggests that the cells are endowed with the apparatus for synaptic vesicle fusion and suggest, indirectly, their ability to sustain synaptic transmission.
Morphological and molecular changes of dADSCs are associated to the acquisition of functional properties typical of neurons, such as influx of calcium ions in response to a depolarizing stimulus (50 mM KCl). Calcium responses evoked by field potential, together with acquisition of a negative membrane potential, as indicated by patch-clamp recordings, clearly demonstrate the presence of functional voltage-gated sodium and calcium channels in dADSCs. By showing that NZ4-induced differentiation of ADSCs leads to the acquisition of a membrane excitability, resembling that of neurons, our functional data complement previous morphological and biochemical studies which provided evidence for ADSC differentiation towards neurons. Notably, all patched-clamped dADSCS show neuron-like membrane potentials, thus suggesting that NZ4-differentiated ADCSs provide a homogeneous source of cells that can be easily handled for therapeutic or research purposes.
The amplitude and kinetics of the calcium responses evoked by depolarization in dADSCs clearly differ from those typically recorded in mature cultured neurons, being, instead, remarkably similar to those of neurons at early stages of development (Pravettoni et al. 2000) . It is known that developing hippocampal neurons are endowed with different types of voltage-operated calcium channels as compared to mature neuronal cultures (Pravettoni et al. 2000) . Thus, it can be hypothesized that the different calcium responses might be due to the expression of distinct channel populations, exactly as it happens in immature neurons.
We have not investigated the possible expression of neurotransmitter receptors in our dADSCs. However, Safford et al. (2004) have previously shown by immunohistochemistry and immunoblotting experiments the presence of the NR-1 and NR-2 subunits of the NMDA glutamate receptor in differentiated ADCSs. Therefore, it would be worthwhile to investigate the possible presence of NMDA receptors (as well as other glutamate receptor subtypes) in dADSCs differentiated in our experimental conditions. Exploring the possible presence of receptors for other neurotransmitters will also help to further determine the neuronal phenotype acquired by dADSCs.
In conclusion, the data described in this study are important for the definition of a protocol to trans-differentiate ADSCs specifically into neuronal cells. Although the procedure described here and aimed at obtaining functionally active neuronal cells might be far from representing a cell therapy for brain repair and regeneration, we believe it could represent a valuable tool to study in vitro molecular mechanisms involved in brain pathologies, thus favoring the identification of novel therapeutic strategies, either stem cell-or non-stem-cell-based. Finally, our method may be considered as a cost-effective way for screening large libraries of compounds in neural drug discovery.
